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Listeria monocytogenes (Lm) is a bacterial pathogen capable of causing meningitis, septicaemia 
and fetoplacental infections in the immunocompromised, elderly, and pregnant women. Disease 
caused by Lm (listeriosis) manifests as self-limiting gastroenteritis in immunocompetent 
individuals. Lm is a facultative intracellular pathogen that can survive extracellularly or adopt 
an intracellular lifecycle within a host cell. Lm has a family of structurally related proteins 
called ‘Internalin’ proteins, some of which are known virulence factors. Most strains of Lm 
have 25 Internalin proteins, with only five of these proteins (InlA, InlB, InlC, InlF, and InlP) 
being well-characterised in terms of biological function. Internalin proteins have a conserved 
leucine-rich repeat (LRR) region that adopts a horseshoe structure. In the case of the five well-
characterised Internalin proteins, the concave surface mediates interaction with different human 
receptors. The majority of Internalin proteins have not been extensively studied.  
The hypothesis that drove this project is that most or all Internalin proteins promote disease by 
interacting with human receptors. The overarching aim of this work was to identify human 
receptors of the three Internalin proteins Inl671, Inl369, and Inl2595. A yeast two-hybrid screen 
of a human cDNA library was previously performed by others in the Ireton laboratory to 
identify the human protein Ring1B as a potential receptor of Inl671. Riing1B is an E3 ubiquitin 
ligase that is known to regulate gene expression by mediating monoubiquitination of the histone 
2A (H2A) protein. Western blotting and laser scanning confocal microscopy analysis was used 
to assess the effect of Listeria infection on Ring1B expression and activity. Although infection 
was correlated with decreased levels of Ring1B expression in some experiments, these effects 
were inconsistent among multiple experiments, making it difficult to conclude if Listeria affects 
Ring1B protein levels. Ring1B activity was assessed via Western blotting to detect 
monoubiquitinated H2AK119 (ubiquityl-H2AK119). However, difficulty in preserving H2A 
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ubiquitination after solubilization of human cells prevented conclusions about whether Listeria 
infection affects monoubiquitination of H2A.  
The Ireton laboratory previously performed a yeast two-hybrid screen to isolate two human 
proteins that potentially interact with the Internalin protein Inl369. However, the amino acid 
sequences of these human proteins were not characterized and their interaction with Inl369 was 
not validated through control experiments. In this Honours project, the interactions were 
validated by co-transforming, into a naïve strain of yeast, plasmids expressing Inl369 fused to 
the DNA binding domain of GAL4 and each of the two human proteins fused to the Gal4 
transcription activation domain. Results showed that expression of yeast genes reporting 
interaction required both Inl671 and each of the two human proteins. It was therefore not due 
to promoter mutations in the reporter genes of the yeast strain where interaction was first 
detected. After validation of interaction, human cDNAs were sent for sequencing, leading to 
the identification of the human proteins centriolin and dynein axonemal assembly factor 11 
(DNAAF11) as potential host receptors for Inl369. In addition to work with Inl671 and Inl369, 
the Internalin protein Inl2595 was studied for its suitability for yeast two-hybrid screens by 
determining if this protein lacked toxicity and the ability autoactivate gene expression in yeast. 
Unfortunately, Inl2595 constructs with the DNA binding domain of GAL4 fused to the N- or 
C-terminus of Inl2595 were found to autoactivate gene expression, indicating that they were 
not appropriate for yeast two-hybrid screening. The findings in this thesis suggest future work 
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1.1 Disease caused by Listeria monocytogenes  
 
Listeria monocytogenes (Lm) is a gram-positive, facultative anaerobe that is the causative agent 
of the food-borne disease listeriosis1. Lm inhabits a broad ecological niche2. This bacterium is 
present in the soil where it grows as a saprophyte on plant material, and infects many 
agriculturally relevant animals, including sheep, cattle, pigs, and goats2. These features can lead 
to Lm contaminating vegetables or meat from slaughtered animals. Workers in the food 
production chain may inadvertently introduce contamination if problems with food processing 
procedures such as pasteurization or packaging arise. The largest Listeria outbreak known to 
date occurred in 2017 in South Africa3. This outbreak was due to contamination of a processed 
meat product called ‘polony’, which occurred in a large processing plant that distributed the 
meat product3. Close to 1000 cases of listeriosis occurred, resulted in nearly 200 deaths3.  
Lm can grow at low temperatures such at 4 °C and is resistant to stressors, including low pH 
and high salt concentrations4. These features allow Lm to grow in or on many types of food 
such as dairy products, fresh or processed meat, and vegetables. The ability of Lm to cause 
serious disease depends on the immune state of the individual4, 5. Immunocompetent people 
generally experience mild, self-limiting listeriosis manifesting as gastroenteritis5. However, in 
the immunocompromised, Lm can traverse the gastrointestinal (GI) barrier to enter the 
bloodstream to cause invasive disease5. Specifically, bacteria can cross the blood-brain barrier 
to infect the hindbrain, causing rhombencephalitis which can lead to meningitis5. The mortality 
rate of meningoencephalitis is close to 50% and survivors may be left with permanent nerve 
palsies and ataxia5.  
In addition to causing central nervous system infections, Lm can cross the fetoplacental barrier 




1.2 The intracellular life cycle of Lm 
 
Lm is a facultative intracellular pathogen that can induce its internalisation (‘entry’) into                                                                                                                                                                                                                                                                                                                                                                                                                                                       
mammalian cells, replicate in the cytoplasm of these cells, and spread between host cells 
(Figure 1)6. Lm can be internalised into a range of human cells, including professional 
phagocytes like macrophages or neutrophils, or cell types that are generally not considered as 
phagocytic, including intestinal epithelial cells, hepatocytes, brain endothelial cells, and 
trophoblast cells in the placenta4,6. Lm is internalised into a vacuole once it enters the host cell4,6. 
In most cell types, Lm destroys this vacuole and escapes to the cytosol of the host cell, where 
bacteria then replicate4,6. Vacuolar escape is mediated by the Lm proteins listeriolysin O (LLO), 
PlcA, and PlcB4. When the vacuole acidifies after bacterial internalisation, LLO is activated 
through oligomerization of soluble LLO monomers which act together to form a pore in the 
vacuolar membrane6. PlcA and PlcB are type C phospholipases which cleave the polar head 
group of acidic phospholipids in cell membranes, contributing the breakdown of the vacuolar 
membrane7. Once the bacterium is in the cytoplasm, it rapidly takes up sugars as a nutrient 
source using the hexose-phosphate transporter (HPT) for growth and replication8. Once in the 
cytoplasm Lm subverts host actin in order to induce intracellular motility in cells4. Lm does this 
through a bacterial surface protein called ActA, which interacts with the host Arp2/3 complex 
to induce host actin polymerisation at one end of the bacterium4,6. Polymerisation of actin at 
one end propels the bacterium through the host cytoplasm. When Lm reaches the plasma 
membrane of the host cell, the bacterium forms an extension of this membrane called a 
protrusion4. A bacterium contained within a protrusion is then engulfed by a neighbouring cell, 
resulting in the encasement of Lm in a double membrane vacuole4. Lm then escapes from the 





Figure 1. Intracellular lifecycle of Listeria monocytogenes. 
Steps in the infection cycle are internalisation of bacteria into host cells (1), vacuolar lysis (2), 
vacuolar escape (3), cytoplasmic replication (4), actin-based motility (5), protrusion formation 
(6), and rupture of the double-membranous vacuole (7). The process of cell-to-cell spread 
comprises steps 5-7. The key at the bottom of the figure shows five well-chararacterised 
Internalin proteins and the mammalian receptors with which they interact. The surface-
anchored Internalins InlA, InlB, and InlF mediate internalization of Lm into host cells by 
interacting with mammalian E-cadherin, Met or vimentin, respectively (Step 1)7-9. The soluble 
Internalin protein InlC promotes the formation of plasma membrane protrusions (step 6) by 
interacting with the host protein Tuba and the exocyst complex10. Step 8, whereby Lm can be 
released from the basal surface of the host cell, is mediated by the Internalin protein InlP11. 





1.3 Internalin family of proteins  
 
All strains of Lm sequenced to date express a family of ~25 structurally related proteins, called 
“Internalins”, that regulate aspects of the intracellular life cycle of the bacterium and contribute 
to its pathogenic capabilities12. For example, the Internalin proteins InlA, InlB, and InlF 
promote entry of Lm into non-phagocytic mammalian cells, including intestinal epithelial cells, 
hepatocytes, brain endothelial cells, and placental trophoblast cells (Fig. 1)7-9,13. The Internalin 
protein InlC contributes to the spread of bacteria between adjacent cells in the intestinal 
epithelium or liver10,14, whereas the Internalin protein InlP promotes the spread of Lm to basal 
tissues in the placenta11. 
All Internalin proteins are secreted through the bacterial SecYEG protein complex15 and contain 
an N-terminal cap region followed by a leucine-rich repeat (LRR) domain12. The LRR domain 
of the various Internalin proteins contain multiple tandem LRRs12. Each LRR is about 22 amino 
acids long and consists of a β-strand and 310 helix
12. Depending on the Internalin protein, the 
LRR domain contains 3-28 LRRs12. The β-strands of tandem LRRs form a concave surface on 
the LRR domain12. In the case of Internalin proteins that have been well characterised, this 
concave surface has aromatic amino acids that bind to mammalian receptors12. The LRR 
domain is followed by two conserved domains, an N-terminal short cap and an inter-repeat (IR 
domain), which has an immunoglobulin-like fold16. Most Internalins possess other domains in 
their C-terminus, typically a region of repeats, it is postulated that these other repeats may serve 
as a stalk that projects the LRR domain from bacterial surface for interaction with a putative 
receptor16. Internalins can be classified into four types based on their mode of anchoring to the 
bacterial surface or whether they are soluble proteins12. There are three types of anchoring 
mechanisms, which are mediated by LPXTG, GW, or WxL sequences12. LPXTG motifs (where 
X is any amino acid) are a C-terminal sorting signal that mediates covalent anchoring to the 
bacterial peptidoglycan12. This sorting signal is the substrate of a membrane-bound 
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transpeptidase called sortase A (Srt A), which cleaves the LPXTG motif between the threonine 
and glycine residues and links the carboxyl-group of the threonine to peptides in the cell wall12. 
InlA is the first LPXTG Internalin protein studied and one of around 15 LPXTG-containing 
Internalin proteins expressed in most characterised strains of Lm9,17. Internalin proteins with C-
terminal GW or WxL domains engage in a non-covalent interaction with the bacterial surface12. 
The Internalin protein InlB has a GW domain that consists of three tandem GW repeats, each 
of which begins with the di-peptide Gly—Trp12,18. These GW repeats in InlB are positively 
charged and bind to bacterial cell wall teichoic acids, which are negatively charged19. Lmo0549, 
the other Internalin of this anchoring class, has a WxL domain12. WxL proteins belong to a 
family of surface proteins, the Csc family, which is thought to form a multicomponent complex 
at the bacterial surface12. Lmo0549 is poorly characterized and its role in virulence is not 
understood12. Soluble Internalins lack any known anchoring domain and are secreted into 





Figure 2. Internalin protein structure and interaction with host receptors.  
Domains in the major categories of Internalin proteins (A) and in InlA, InlB, InlC, InlF, and 
InlP (B) are depicted. Three-dimensional structures of InlA, InlB, or InlC bound to their human 
receptors are shown (C), with human receptors appearing in grey and the other colours 
corresponding to the different domains of Internalin proteins. Figure 2 A-B was created with 
BioRender.com. The three- dimensional structures in (C) are taken with permission from 




1.4 Functions of well-characterised Internalin proteins 
 
Thus far, only five of the ~ 25 Internalin proteins of Lm have been well characterised in terms 
of biological function and regulation of expression12.  These Internalin proteins are InlA, InlB, 
InlC, InlF, and InlP12. Each of these Internalin proteins is known to contribute to steps in the 
intracellular life cycle of Lm by using the concave surface of its LRR domain to bind to cognate 
human receptors7-11(Figures 1 and 2B-C). 
InlA was the first Internalin protein to be characterised, and its human receptor was identified 
as E-cadherin7,17. E-cadherin is a Ca2+ dependent cell-cell adhesion molecule that plays a 
critical role in the formation of adherens junctions in the intestinal epithelium21. Binding of the 
LRR region of InlA to E-cadherin (Fig. 2C) leads to receptor clustering and actin 
polymerisation, resulting in internalization of Lm into intestinal goblet cells or trophoblast cells 
in the placenta7,17,22 (Fig. 1). Nikitas et al (2011) used intestinal tissue of transgenic mice 
expressing human E-cadherin to investigate the role of InlA and its host receptors in infection 
of the intestinal epithelium23. Through microscopy-based imaging, Nikitas et al (2011) found 
that InlA interacts with E-cadherin on the apical surface of goblet cells that have expelled 
mucus23. This interaction between InlA and E-cadherin mediates traversal of the intestinal 
barrier through transcytosis, a process whereby bacteria remain inside phagosomes and traffic 
from the apical to basal surfaces of goblet cells23. After transcytosis, vacuoles containing Lm 
then fuses with the basal membrane to release Lm into the amino propria that underlies the 
intestinal epithelium23. Through imaging of stem-cell derived intestinal organoids which were 
luminally injected with Listeria, Kim et al found that transcytosis of Lm in goblet cells depends 
on host microtubules and on the human GTPase Rab1124.  
The human receptor for InlB is Met, a high affinity receptor for the mammalian protein 
hepatocyte growth factor (HGF)8,25. Met is a receptor tyrosine kinase expressed in a variety of 
cell types and plays key roles in development of the liver, kidney, placenta, and liver repair26. 
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HGF is secreted as a precursor, pro-HGF, which is converted to its bioactive form by proteolytic 
cleavage26,27. Met is responsible for the cell-scattering phenotype whereby cadherin-based cell-
cell contacts are disrupted, leading to cell motility26. This process contributes to embryogenesis 
and wound repair26. Binding of the LRR domain of InlB to surface-expressed Met (Fig. 2C) 
leads to InlB-dependent entry involving remodelling of the plasma membrane through 
subversion of host actin polymerisation and also the membrane trafficking process of 
exocytosis28,29. Exocytosis is the fusion of intracellular vesicles with the plasma membrane29. 
This process is driven by membrane fusion mediated by vesicle-associated v-SNARE proteins 
and t-SNAREs in the plasma membrane29. Ngo et al found that host exocytosis is stimulated 
upon binding of InlB to the host Met receptor29. This stimulation of exocytosis promotes entry 
of Lm by recruiting a human GTPase called Dynamin 2- to the plasma membrane29. How 
Dynamin 2 affects bacterial entry is not known but may involve the known membrane 
remodelling activities of this GTPase29. It is possible that exocytosis also contributes to 
internalization of Lm by providing membrane needed for elongation of pseudopods that enwrap 
bacteria during the entry process.  
Both InlA and InlB and their host receptors E-cadherin and Met are known to contribute to 
virulence in animal models13. InlA and InlB interact with their respective human receptors to 
act together to promote infection of the syncytiotrophoblast layer of the placenta13. The apical 
surface of the syncytiotrophoblast layer of the human placenta expresses E-cadherin and 
Met13,30,31. Since the syncytiotrophoblast is in contact with maternal blood, the localization of 
E-cadherin and Met suggest that InlA and InlB might mediate infection of the 
syncytiotrophoblast13,30. Experiments with human villous explants have shown that InlA 
promotes adhesion and internalization of Lm into syncytiotrophoblast cells13,30. Interestingly, 
InlB was found to be dispensable for adhesion but required for efficient internalisation into 
trophoblast cells13. These findings along with more recent results by Gessain et al (2015) 
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indicate that InlB plays a post-adherence signaling role and cooperates with InlA to induce 
internalization into placental trophoblast cells13,30,31. The main role of InlB in signalling appears 
to be in stimulation of the host lipid kinase type IA phosphoinositide 3-kinase (PI3K)31.  
Unlike InlA and InlB, the Internalin InlC is not anchored to the bacterial surface12. Instead, InlC 
is secreted as a soluble protein when Lm has reached the cytoplasm of the host cell10,32.  InlC 
uses its LRR domain to bind the human protein Tuba to promote cell-cell spread of Lm between 
enterocytes or hepatocytes in the liver (Fig. 1)10,14. Tuba’s physiological binding partner is the 
cytoskeletal protein N-WASP10, this interaction is disrupted by InlC, resulting in relief of 
cortical tension at the plasma membrane of enterocytes33. Reduction of tension increases 
deformability of the plasma membrane, enabling Lm to form protrusions that mediate cell-to-
cell spread10,33. In addition, the interaction between InlC and Tuba also promotes spread in the 
liver14. It was found that Lm expressing a mutant InlC protein that had a single amino acid 
substitution that compromised binding of InlC to Tuba was defective in cell-cell spread in the 
liver14.  
The surface-anchored Internalin protein InlF was recently found to interact with host vimentin, 
an intermediate filament protein that is mainly cytosolic but also present on the surface of brain 
endothelial cells9,12. By interacting with vimentin, InlF induces internalization of Lm into these 
endothelial cells and promotes infection of the brain9.  
The soluble Internalin protein InlP was demonstrated to promote infection of the stromal layer 
of the placenta in mice or guinea pigs, thereby contributing to fetal infections11. The LRR 
domain of InlP binds to afadin, a protein that plays an important role in tight junction formation 
in epithelia11. Experiments with cultured epithelial cell line MDCK indicates that InlP and 
afadin can promote the release of bacteria from the basal surface of mammalian cells11. Afadin 
is expressed in the cytotrophoblast of the placenta11. These findings suggest that InlP and afadin 
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may enable Lm to exit the basal surface of cells in the stromal layer of the placenta11. Since the 
stroma contains fetal blood vessels, InlP may provide a route for infection of the fetus11.  
 
1.5 Other Internalin proteins   
 
A vast majority of the ~25 Internalin proteins expressed in the Lm strains whose genomes have 
been sequenced to date have not been thoroughly characterised. Such Internalins include the 
proteins Inl369, Inl671, and Inl2595 which are present in the strain H7858, which was the source 
of a large outbreak of listeriosis in the USA12.  
The three Internalin proteins Inl369, Inl671, and Inl2595 are of interest because Inl369 and 
Inl671 have established roles in virulence in mice studies while Inl2595 is found to be highly 
similar to another Internalin protein under the control of the virulence transcription factor 
PrfA34-36. 
 
Figure 3. Structures of three Internalin proteins of interest 
Domains in the Internalin proteins Inl369, Inl671, and Inl2595 are depicted. Inl369 and Inl671 
both possess a LPXTG anchoring domain whereas Inl2595 does not possess any known 
anchoring domains12. Human receptors of these three Internalin proteins have not been reported 




Since the Internalin protein Inl369 has been reported to have a role in infection of cultured 
human cells and in mice models, we are interested in further studying this protein34. Zhang, Bae 
and Wang (2016) found that deletion of the inl369 gene in strain H7858 causes a defect in the 
ability of Lm to enter cultured hepatocyte cell line (HepG2), colonize the liver of mice, cause 
bacteremia, and to invade the brain34. These results indicate an important role for Inl369 in 
virulence. In addition, Inl369 influences the host immune responses34. Compared to the WT 
H7858 strain, a mutant strain of H7858 deleted for the inl369 gene induces lower mRNA levels 
of the cytokines IL-1β, IL-6, IL-10, MCP-1, MCP-3, TNF-α, and IFN-γ34. Interestingly, IFN- 
γ plays a key role in controlling a primary Lm infection34,37. TNF-α and IL-12 are secreted by 
macrophages in response to Lm infection, and these cytokines stimulate natural killer cells to 
produce IFN-γ which enhances the bactericidal activity of macrophages37. Reduced cytokine 
levels in the absence of Inl369 indicates that Inl369 somehow increases host cytokine 
production34. Whether this effect of Inl369 benefits the host or bacterium is not presently clear.  
The Internalin protein Inl671 is reported to have a role in oral infection of mice, but this 
Internalin is not well-characterised35. Therefore, I am interested in further studying Inl671, with 
the first step being identification of a potential human receptor. The inl671 gene in strain H7858 
has 82% amino acid identity to a gene called lmo610 in the Lm reference strain EGD-e35. Inl671 
and Lmo610 contain eight LRRs and possess LPXTG sequences predicted to anchor these 
proteins to the bacterial surface35. Both Imo610 and inl671 gene promoters whose transcription 
is dependent on the alternative Sigma factor Sigma B35. Sigma B is involved in stress responses 
but also has effects on transcription of Internalin genes, it is known to be activated by 
environmental stressors encountered in the GI tract36,38, suggesting that Inl671 might play a role 
in infection of the GI epithelium35. Mice orally infected with a mutant H7858 strain deleted for 
the inl671 gene show decreased colonisation of the liver and spleen compared to the WT, 
demonstrating a role for Inl671 in pathogenesis35.  
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The Internalin protein Inl2595 has not yet been reported to affect virulence, but it has the 
potential to do so, given that Inl2595 is 96% identical to an Internalin protein in strain 10403S 
called Lmo2445. The expression of Lmo2445 is PrfA-dependent, suggesting that Inl2595 
expression may also be PrfA-dependent36. PrfA is known to regulate expression of many 
virulence genes, suggesting a potential role for Inl2595 in virulence38.  
Although all well-characterized Internalin proteins (e.g. InlA, InlB, InlC, InlF, InlP) have been 
shown to bind to mammalian receptors7-11, at present no such receptors for Inl369, Inl671, and 
Inl2595 have been reported in the literature. Given the known roles for Inl369 and Inl671 in 
virulence in animal models and the potential for PrfA-dependent Inl2595 to contribute to 
virulence, an important goal for future work is to identify cognate host receptors for these 
Internalin proteins. In unpublished results, the Ireton laboratory performed a Yeast 2-Hybrid 
(Y2H) screen using Inl671 as bait to identify human proteins that interact with this Internalin. 
Interestingly, the human E3 ubiquitin ligase Ring1B39 was identified as the potential receptor 
of Inl671.  In section 1.6, I discuss the use of the yeast two-hybrid (Y2H) system to identify 
protein-protein interactions. In section 1.7, I then discuss what is known about the biological 
functions of mammalian Ring1B protein.  
 
1.6 Yeast two-hybrid (Y2H) methods to confirm/screen for interaction between Internalin 
protein and host proteins  
 
Y2H methods are used to test known proteins for potential protein-protein interactions or to 
perform large-scale screens for proteins that bind to a protein of interest40. In the Y2H system, 
a protein of interest is fused to a DNA binding domain (DBD) of a yeast transcription factor 
and transformed into yeast cells that contain one or more reporter genes controlled by the 
DBD40 (Fig. 4). This fusion protein is called the “bait” and can be used to screen a human 
cDNA library encoding “prey” proteins fused to a transcriptional activation domain (AD) that 
interacts with yeast RNA polymerase40. When the “bait” and “prey interact”, the DBD and AD 
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interact and transcription is initiated, allowing for expression of downstream reporter genes in 
the yeast40. 
The Y2H method has been used since the late 1980s and has been proven to be a powerful 
approach to identify and characterize protein-protein interactions. Despite the benefits of Y2H 
methods, false positives can occur due to several reasons. Biological false positives are protein-
protein interactions that occur in yeast cells, but do not occur in vivo in the organism of study41. 
This may be due to differences in spatiotemporal expression of these proteins41. The Y2H 
system requires proteins to be expressed in the nucleus of yeast, and nuclear localization signals 
must be added onto these proteins42. When these proteins are investigated in mammalian cells, 
they may not localize to the same subcellular compartment43. False positives can also occur 
through autoactivation of bait or prey proteins, leading to the expression of reporter genes 
without having any actual protein-protein interactions occurring within yeast. Bait or prey 
proteins can be tested for autoactivation prior to screening a human cDNA library to ensure that 
expression of reporter genes indicative of protein-protein interactions, are true, at least within 
yeast. Additionally, the Y2H system can detect interactions that are stable in the context of the 
artificial system in yeast but may be transient when investigated in mammalian cells42. 
Therefore, although the Y2H method has been very useful in identifying potential protein-
protein interactions, it does not definitively prove that such interactions occur in the biological 
system if interest, such as mammalian cells42,43. It is generally accepted that the potential 
interactions detected by the Y2H system should be validated through other methods, such as in 
vitro binding studies using purified proteins, and studies that demonstrate interaction in living 
mammalian cells such as co-immunoprecipitation and/or fluorescence resonance energy 





Figure 4. Molecular mechanism of the yeast two-hybrid (Y2H) system  
Recent versions of the Y2H systems use the yeast GAL4 promoter to drive expression of four 
distinct reporter genes40. For example, in the Yeast Matchmaker Gold System from Takara Bio, 
three of the four reporter genes allow growth of yeast on selective medium, and the fourth 
reporter gene encodes an enzyme that hydrolyses the substrate X-alpha galactose, resulting in 
a blue colony colour. In the Y2H system, the “bait” protein that one is studying is fused to the 
GAL4 DNA-binding domain. This bait protein is used to detect protein-protein interactions 
with one or more “prey” proteins, which are fused to the transcription activation domain of 
GAL4. If the bait and prey interact, then the transcriptional activation domain comes into close 
proximity to the DNA binding domain, resulting in yeast RNA polymerase II being recruited 
to the GAL promoters for each of the four reporter genes. If a mammalian cDNA library of 
prey proteins is used, then a Y2H screen can be performed to screen for proteins that interact 





1.7 Mammalian Ring1B protein 
 
As mentioned previously, the Ireton laboratory used the Y2H system to identify human Ring1B 
as a potential receptor for the Lm Internalin protein Inl671. Ring1B is a member of the 
Polycomb group (PcG) of proteins, which are chromatin-associated multi-protein complexes 
that ubiquitinate histones to regulate gene transcription44. PcG proteins form two functionally 
distinct complexes, Polycomb repressive complex 1 (PRC1) and Polycomb repressive complex 
2 (PRC2) (Fig. 5)45. PRC1 is composed of four core components, Polycomb (Pc/CBX), Ring1A 
or Ring1B, Bmi1(PCGF4) and polyhomeotic (PHC)45. The N-terminal RING finger domains 
of Ring1B and Bmi1 interact to form a heterodimer for full E3 ubiquitin ligase activity and may 
form a scaffold for other components to bind45,46. The N-terminus of Ring1B is wrapped around 
a groove on the surface of Bmi146. The Ring1B-Bmi1 heterodimer catalyses the 
monoubiquitination of lysine 119 in the histone 2A protein (Ubiquityl-H2AK119) to cause 
epigenetic silencing of genes44. Ubiquityl-H2AK119 is proposed to maintain RNA polymerase 
II in an inactive state but positioned at the site of transcription initiation at repressed genes44. 
Ubiquitination occurs via a sequential pathway, where an E1 enzyme activates and transfers a 
ubiquitin to a cysteine residue on an E2 conjugating enzyme such as UbcH5c, forming a 
thioester bond between the E2 and ubiquitin46. The E2-ubiquitin conjugate interacts with the 
Ring1B-Bmi1 heterodimer to promote transfer of ubiquitin directly from the E2 active site onto 





Figure 5. Mechanisms of H2AK119 monoubiquitination by Ring1B in the Polycomb 
Repressive Complex 1 (PRC1). 
(A) PRC2 independent monoubiquitination of H2AK119. (B) PRC2 dependent mechanism of 
H2AK119 monoubiquitination whereby the tri-methylation mark on H3K27 is recognised by 
Pc in the PRC1 and directs the PRC1 to the nucleosome.  
 
Ring1B may also be directed to chromatin through a PRC2 dependent mechanism (Fig. 5)44. 
PRC2 mediates post-translational trimethylation of histone H3 at lysine 27 (H3K27me3) which 
can be recognised by the chromodomain of Pc in PRC144. Pc interacts with the C-terminus of 
Ring1B (C-Ring1B) through its C-terminal C-box domain, directing the PRC1 complex to the 
site of modification44. Bmi1 itself does not have ubiquitin ligase activity, but it is proposed to 
stimulate Ring1B’s catalytic activity by increasing Ring1B’s affinity for the nucleosomes47. 
The positively charged low-complexity region of CBX2, a Pc orthologue, is found to be 
responsible for inducing chromatin compaction via a non-enzymatic mechanism47. Bentley et 
25 
 
al (2011) found that Bmi1-Ring1B could perform the H2AK119 monoubiquitination reaction 
only on nucleosomes containing well-ordered histone octamers wrapped with DNA46.  
As mentioned previously, PRC1 transcriptionally represses genes through monoubiquitination 
of H2AK119 or chromatin compaction44-47. These PRC1 repressed gene loci may include those 
genes normally upregulated in embryonic development but silenced once cells have been 
differentiated. This process may be reversed or reduced in pre-cancerous cells, leading to 
cancer44,48.  
The Ireton laboratory’s finding that Inl671 interacts with Ring1B in a Y2H system suggests a 
potential role for this Internalin protein to control Lm infection of host cells by affecting Ring1B 
expression and activity. It is important to use biochemical approaches to confirm the Y2H 
findings that Inl671 may bind Ring1B. If Inl671 is confirmed to interact with Ring1B, then we 
might expect an inhibition or stimulation of ubiquitination of histone 2A. It is also important to 
determine if infection of human cells by Lm affects Ring1B-dependent monoubiquitination of 





2. Materials and Methods 
 
2.1 Mammalian cell lines and growth conditions 
 
The human epithelial cell line HeLa (ATCC CCl-2) was cultured in Dulbecco's modified Eagle 
medium (DMEM; gibco, 11995-065), supplemented with 10% fetal bovine serum (FBS; 
HyClone, SH30406.02) and 1% Penicillin + Streptomycin (Pen/Strep; gibco, 15140-122).  Cell 
culture was performed at 37oC under 5% CO2. Prior to seeding into Nunclon Delta Surface 6-
well plates (Thermo Scientific, 140675), cells were washed twice with Dulbecco’s phosphate 
buffered saline (DPBS; gibco, 14190-144) and trypsinised using 1X 0.5% Trypsin-EDTA 
(gibco, 15400-054).  
  
2.2.1 Bacterial strains and and growth conditions 
 
For infection experiments, the Listeria monocytogenes (Lm) strains EGD, EGD-e, and H7858 
and the Shigella flexneri strain 2457T were cultured overnight in brain heart infusion (BHI; 
Becton Dickenson, 241830) and Tryptic Soy broth (TSB; Becton Dickenson, 211825), 
respectively, at 37 oC. Next morning, a 1 in 19 dilution of the Lm overnight cultures were made 
whereas a 1 in 99 dilution of the Shigella overnight culture was made. These morning cultures 
were further incubated at 37oC until the Lm and Shigella cultures reached an OD600 of ~ 0.80 






2.2.2 Bacterial infection 
 
Approximately 2.0 x 104 HeLa cells were seeded per well in 6-well plates with or without 
coverslips and grown for 48 hours prior to infection. Cells grown on 22 x 22 mm coverslips 
were used for immunofluorescence studies, whereas cells cultured on plates without coverslips 
were lysed for Western blotting. About 15 minutes before washing bacteria, HeLa cells were 
washed twice in warm DMEM and incubated in 5% CO2 until ready for infection. 1ml of each 
bacterial culture were transferred to 1.5 mL centrifuge tubes and washed three times. Each 
consists of centrifugation at 6000 rpm for 5 minutes at room temperature, removing most of the 
supernatant, and resuspending the pellet in 1 mL of warm DMEM. Once the washing step was 
completed, the bacteria are ready to infect. 0.2 mL of the Lm cultures and 0.5 mL of the Shigella 
culture was added to the corresponding wells. Bacteria were then centrifuged onto HeLa cells. 
In the case of plates which were only infected with Lm strains, the plates were centrifuged at 
2000 rpm for 2 minutes. Plates which were infected with both Lm strains and Shigella were 
centrifuged at 2000 rpm for 5 minutes. The plates were transferred to the 37°C, 5% CO2 
incubator where they were incubated for 1 hour. Infection was performed at different time 
points including 1, 2, 4, and 5 hours. After 1 hour, the plates were taken out. In regard to the 1-
hour infection plate, wells were washed three times with 2 mL of cold phosphate buffered saline 
(PBS; Sigma Aldrich, P3813-10PAK). The other 2-, 4-, and 5-hour plates were washed with 2 
mL of warm DMEM, followed by the addition of 2 mL of warm DMEM containing 100 µg of 
gentamicin to each well. The plates were then incubated at 37°C, 5% CO2 for a further 1, 3, or 
4 hours until the target timepoint was reached. Samples in these plates were then prepared for 







The sequences of short interfering RNAs (siRNAs) used are listed below, they are all obtained 
from Sigma Aldrich and reconstituted in RNase free water to make a stock concentration of 20 
µM. A non-targeting control siRNA, which does not target any known sequences in the human 
genome, was also used in my experiments. Lowercase letters at the end of the sequences 
indicate nucleotide overhangs that are not complementary to target gene sequences.  




The RNF2 (Ring1B) targeting siRNA data sheets were lost, I contacted Sigma-Aldrich for the 
sequences, but they have not replied.  
 
2.3.2 siRNA transfection of HeLa cells 
 
Approximately 1.2 x 104 HeLa cells were seeded per well in a 6-well plate and grown for 24 
hours prior to transfection. Prior to transfection, a mixture of Opti-MEM reduced serum media 
(Gibco, 51985-034), siRNA, and Lipofectamine 2000 (LF2000; Invitrogen, 2276051) were 
made for each of the siRNAs, this mixture was left to incubate for 15 minutes. Immediately 
before transfection, the cells were washed twice with 2 mL of warm DMEM. A final 
concentration of 100 nM of the appropriate siRNA was added to for each transfection. As 
controls, cells were not transfected with any siRNAs (Mock) or transfected with the control 
siRNA. The plates were incubated at 37°C, 5% CO2 for 24 hours before adding FBS and 100X 
Pen/Strep to a final concentration of 10% and 1% respectively. The plates were incubated for a 
further 48 hours after the addition of siRNA, cells were solubilized for analysis of Ring1B 




2.4 Antibodies  
 
Rabbit antibodies used were anti-Listeria (Becton Dickenson, 223021), anti-Shigella (Bio-Rad, 
8289-9506), and anti-ubiquityl H2AK119 (Cell Signaling Technology, 8240). Mouse 
monoclonal antibodies used were anti-Ring1B (Santa Cruz Biotechnology, Sc-101109) and 
anti-tubulin (Sigma Aldrich, T5168). Horseradish peroxidase (HRPO)-conjugated secondary 
antibodies used for western blotting include anti-rabbit (Jackson ImmunoResearch 
Laboratories, 111-035-144) and anti-mouse antibodies (Jackson ImmunoResearch 
Laboratories, 115-035-166). Secondary antibodies and reagents used for immunofluorescence 
labelling include anti-mouse-Alexa Fluor 488 (Invitrogen, A11001), anti-rabbit-Alexa Fluor 
647 (Life Technologies, A21245), phalloidin coupled to Alexa Fluor 555 (phalloidin-Alexa 
Fluor 555; Invitrogen, A34055) and the nucleus stain 4′,6-diamidino-2-phenylindole (DAPI; 
Sigma Aldrich, 28718-90-3).    
  
2.5.1 Immunofluorescence labelling 
 
Post infection, HeLa cells adhered onto coverslips were washed with PBS twice and fixed with 
3% paraformaldehyde (PFA) at room temperature for 20 minutes. The fixed cells were washed 
with PBS twice, permeabilised with Triton X-100 for 20 minutes, and subjected to primary 
antibody incubation with mouse anti-Ring1B (1:100) and rabbit anti-Listeria (1:100) or rabbit 
anti-Shigella (1:500) for 1 hour at room temperature. The coverslips were then washed thrice 
with PBS before secondary antibody incubation with anti-mouse-Alexa Fluor 488 (1:300), anti-
rabbit-Alexa Fluor 647 (1:300), phalloidin-Alexa Fluor 555 (1:50), and DAPI (1:100) for 1 
hour at room temperature. Coverslips were then washed twice in 2mL of PBS and rinsed in 
milliQ water before being mounted with 10µL of Mowiol (Sigma Aldrich, 9002-89-5) onto 
microscope slides. Slides were left at room temperature overnight whilst being protected from 
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light to allow for mowiol to set. Edges of the coverslips were sealed with nail polish and stored 
at 4°C. These samples were analysed via confocal microscopy as described in section 2.8. 
 
2.5.2 Confocal microscopy analysis  
 
Imaging of HeLa cells was performed with an Olympus FV1200 laser scanning confocal 
microscope equipped with a 60X 1.35 NA oil immersion objective, laser lines of 488 nm, 647 
nm, 568 nm, and 405 nm, and photomultiplier tube detectors. Five images (point of views) were 
taken for each condition/coverslip. The first uninfected sample was used to optimise the 488 
nm laser, which allows for detection of Ring1B expression, to capture a detectable Ring1B 
signal. We achieved this by manipulating the detector sensitivity, gain and offset sliders. When 
other samples were imaged from there on, the detector sensitivity, gain, and offset of the 488 
nm laser were left unchanged to the first uninfected sample. To ensure accurate representation 
of Ring1B expression in infected samples, cells surrounded by bacteria, overlapping with 
bacteria, or have actin-labelled bacteria were imaged. ImageJ (version 1.53h) software was used 
to visualize and quantify Ring1B expression from the confocal microscopy images. 
Measurement of the mean pixel intensity of nuclear Ring1B expression involved gating on the 
nucleus using the DAPI channel and switching to the Alexa Fluor 488 channel which shows 
Ring1B labelling. To measure the mean pixel intensity of total Ring1B expression, the cell 
periphery was gated using the Alexa Fluor 647 channel which shows actin labelling and 





2.6 Western blotting 
 
After washing HeLa cells twice with 2 mL of PBS per well, the cells were solubilised in 100 
μL of cold radioimmunoprecipitation assay (RipA) buffer (1% Triton X-100, 0.25% sodium 
deoxycholate, 0.05% SDS, 50 mM Tris-HCl [pH 7.5], 2 mM EDTA, 150 mM NaCl, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 20 mM of N-ethylmaleimide (NEM) and 10 mg/L each 
of aprotinin and leupeptin) 48 hours post-transfection or immediately after infection. Cells were 
solubilised for 45 minutes at 4°C, and supernatants remaining after centrifugation at 12,000 
rpm were used for determination of protein concentrations using a bicinchoninic acid [BCA] 
kit (Pierce, 23225). Equal protein amounts were migrated on 12% sodium dodecyl-sulfate 
polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes through 
a semi-dry blot transfer at 10 volts for 30 minutes. The PVDF membranes were washed with 
5% trim milk + 1X Tris Buffered Saline with Tween 20 [TBST] (1M Tris (pH 7.5), 2.5M NaCl, 
0.1% Tween 20, pure water was added to make a final volume of 1 litre) three times, followed 
by incubation with primary antibody. Depending on the protein expression of interest, 
membranes were incubated with mouse anti-Ring1B (1:200) or rabbit anti-ubiquityl-H2AK119 
(1:1000) antibodies for 1 hour or overnight. Following both primary and secondary antibody 
incubations, the membranes were washed with TBST thrice, with each wash lasting 10 minutes. 
Following the wash step, membranes were subjected to 1 hour incubation with HRPO-coupled 
secondary antibodies anti-mouse (1:5000) or anti-rabbit (1:5000) depending on the primary 
antibody used. The membranes underwent washing with TBST thrice prior to detection of 
protein bands using enhanced chemiluminescence [ECL] substrate (Bio-Rad, 1705062). 
Chemiluminescence was detected using an Odyssey imaging system (Li-Cor Biosciences). 
After detection of signals corresponding to Ring1B or ubiquityl-H2AK119 with the ECL 
substrate, membranes were stripped and re-probed with the primary and secondary antibodies 
mouse anti-tubulin (1:6000) and anti-mouse (1:5000) to blot for tubulin. Quantification of 
32 
 
relative Ring1B or ubiquityl-H2AK119 expression in samples was performed using ImageJ 
(version 1.53h) software. Integrated pixel densities were quantified, and background was 
subtracted. The ratio of Ring1B: tubulin or ubiquityl-H2AK119: tubulin values were 
determined. Ratio values were then normalized to that of the mock transfected sample or 




Plasmids pGBKT7 and pGADT7 for Yeast Two-Hybrid work were purchased from Takara Bio 
USA.  
 
2.7.2 Yeast two-hybrid methods 
 
The Takara Bio USA Matchmaker Gold Yeast-Two Hybrid system (Cat. # 630466, 630498, 
630499) was employed in our attempts to identify human receptors of the Internalin proteins 
Inl369 and Inl2595.  
In the yeast two-hybrid (Y2H) system used there are four reporter genes to allow for 
identification of putative protein-protein interactions. These include AURI-C, HIS3, ADE2, 
and MEL1. AURI-C encodes for the enzyme inositol phosphoryl ceramide synthase, which 
strong resistance to the otherwise highly toxic antibiotic Aureobasidin A (A). HIS3 and ADE2 
encode for histidine and adenine, respectively, essential amino acids that the yeast strain Y2H 
gold is incapable of biosynthesising. MELI encodes for α-galactosidase, an enzyme occurring 
naturally in many yeast strains. α-galactosidase produced by yeast metabolise the chromogenic 
substrate X-alpha-galactose (X), to result in blue yeast colonies. 
There are two different plasmids used in the Y2H system. One plasmid, pGBKT7, carries a 
sequence encoding the DNA binding domain of a yeast transcription factor GAL4 whereas the 
other plasmid, pGADT7, carries a sequence encoding the transcription activation domain of 
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GAL4. The pGBKT7 and pGADT7 plasmids carry genes allowing for the biosynthesis of the 
amino acids tryptophan and leucine, respectively, to allow users to check if transformation was 
successful via plating on single drop out media. 
Media used in Y2H methods include SDO, SD/-T/X/A, DDO/X, DDO/X/A, QDO/X/A. SDO 
medium stands for single drop-out, this includes SD/-T and SD/-L. SD/-T medium lacks the 
amino leucine selects for yeast expressing the gene encoding for tryptophan and is used to check 
if transformation of pGBKT7 plasmid encoding bait protein fused to the GAL4 DNA binding 
domain was successful. SD/-L medium selects for yeast expressing the gene encoding for 
leucine and is used to check if transformation of pGADT7 plasmid encoding bait protein fused 
to the GAL4 transcription activation domain was successful. 
The SD/-T/X/A medium, is used to check for auto activation of the bait only, it selects for 
expression of 2 reporter genes. 
DDO medium stands for double drop-out, meaning that it lacks the leucine and tryptophan. 
DDO medium selects for yeast cells expressing both bait and prey plasmids, it does not select 
for any reporter genes. X and A stand for X-alpha-gal and Aeurobasidin A respectively. On the 
other hand, DDO/X medium selects for the MEL1 reporter gene which allows turns yeast 
colonies blue in the presence of X-alpha-galactose. DDO/X/A medium selects for expression 
of MEL1 and another reporter gene AUR1-C which confers resistance to the drug Auerobasidin 
A.  
QDO medium stands for quadruple drop-out, where it lacks the four essential amino acids 
tryptophan, leucine, histidine, and adenine. QDO/X/A medium selects for yeast cells expressing 
the four amino acids, resistance to Aeurobasidin A, and production of the α-galactose enzyme 
to act on its chromogenic substrate X-alpha-galactose. 
A yeast two-hybrid screen of a human cDNA library was previously performed by Dr. 
Antonella Gianfelice of the Ireton laboratory to identify potential human receptors of Inl369. 
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This screen led to the detection of a potential interaction between Inl369 and two human 
proteins. To carry on from this work, I performed two sets of co-transformations involving a 
pGBKT7 plasmid expressing Inl369 and a pGADT7 plasmid expressing one of the two human 
proteins.  
Y2H Gold yeast cells, which came with the Matchmaker Gold Yeast Two-Hybrid System kit, 
were made competent by culturing for 8-12 hours at 30°C in a shaking incubator. A 1 in 10 
dilution of this culture was made and incubated until an OD600 of 0.4-0.5 was reached. Two 
small-scale co-transformations were performed and plated onto selective media as described in 
pages 6-7 of the Yeastmaker Yeast Transformation System 2 User Manual (Clontech 
Laboratories, #PT1172-1, version PR0Y3570) and pages 24-25 of the Matchmaker Gold Yeast 
Two-Hybrid System user Manual (Takara Bio USA, #PT4084-1, 071519). 0.1 μg of each 
plasmid was added for each set of co-transformation. After spreading of transformation 
mixtures onto selective media, the plates were incubated at 30°C for four days. Positive and 
negative controls were performed via yeast mating as described in pages 12-13 of the 
Matchmaker Gold Yeast Two-Hybrid System user Manual. Detection of potential protein-
protein interactions were dependent on the observation of yeast growth on media selecting for 
reporter gene expression.  
As for the Internalin protein Inl2595, two bait constructs were tested for auto activity in 
preparation for screening against a human cDNA library. The two constructs have the GAL4 
DNA binding domain fused to either the N-terminus (GAL4DBD-Inl2595) or C-terminus 
(Inl2595-GAL4DBD) of Inl2595. Auto activity testing involves single small-scale 
transformations of pGBKT7 plasmid expressing either of the two Inl2595 constructs into Y2H 
Gold and plating onto selective media. The single transformations performed follow the same 
protocol as the co-transformations, except that only one plasmid is transformed into yeast in 
the single transformation. The transformation mixtures were spread onto selective media and 
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observed for toxicity as described in pages 15-16 of the Matchmaker Gold Yeast Two-Hybrid 
System user Manual. Auto activity can be determined by observation of yeast growth on media 
selecting for any of the four reporter genes.  
 
2.8 Statistical analysis 
 
Statistical analysis was performed using Prism (version 9.2.0). Data from three experiments 




3.1 Effect of reduced Ring1B expression on ubiquityl-H2AK119 expression 
 
Multiple studies indicate that Ring1B mediates monoubiquitination of K119 (ubiquityl-
H2AK119) in the histone 2A protein39,49. One of the objectives of my Honours project was to 
determine if infection with Listeria affects Ring1B expression, thereby inhibiting or enhancing 
ubiquitination of histone 2A. Prior to performing these experiments involving Listeria 
infection, Control experiments were performed to determine if we can detect 
monoubiquitination of K119 in histone 2A in the epithelial cell line HeLa and if this 
ubiquitination depends on Ring1B. The initial control experiments performed involved 
depletion of Ring1B using two siRNAs that targeted two different regions in the Ring1B 
sequence. Two different targeting siRNAs were used to ensure that at least one was capable of 
Ring1B depletion. As controls, we mock transfected cells in the absence of siRNA, or 
transfected cells with an siRNA that targets human Exo70 protein, which is unrelated to 
Ring1B. We performed Western blots with anti-Ring1B antibodies to confirm depletion of this 
protein by siRNAs and also did Western blots with an antibody that is reported to detect 
ubiquitinated K119 in histone 2A50. Three independent experiments were performed in order 
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to assess reproducibility and obtain data for statistical analysis. The results are presented in 
Figure 6.  
Results with Ring1B expression levels were similar in all three experiments in that each of the 
two siRNAs against Ring1B caused a decrease in Ring1B levels relative to the control siRNA 
conditions (Fig. 6A-C, part i). Statistical analysis showed that the effects of Ring1B #1 and 
Ring1B #2 siRNAs on Ring1B expression were statistically significant compared to the control 
siRNA or Exo70 siRNA conditions (Fig. 6D). 
In contrast to the results with anti-Ring1B Western blots, blots against ubiquityl-H2AK119 
were highly variable (Fig 6A, B, C; part ii). In the first experiment, signals detected with anti-
ubiquityl-H2AK119 antibodies were similar across all the conditions tested, including the 
samples treated with Ring1B #1 and Ring1B #2 siRNAs (Fig. 6A, right panel).  
In the second and third experiments, the signals detected with the anti-ubiquityl-H2AK119 
antibody varied greatly across all lanes and did not always decrease in samples treated with 
Ring1B siRNAs compared to control conditions (Fig. 6B, C: right panels). When data from the 
three replicates were subjected to statistical analysis (Fig. 6E), no significant differences were 
observed between any of the conditions.  
Results from the anti-Ring1B Western blots showed that Ring1B targeting siRNAs were 
capable of reducing Ring1B expression. However, the changes in ubiquityl-H2AK119 
expression did not correlate with reduced Ring1B expression. These results may be explained 
by the loss of ubiquitination through the activity of deubiquitylases, this will be addressed in 





Figure 6. Effect of Ring1B targeting siRNAs on Ring1B protein levels and on reactivity 
with ubiquityl-H2AK119 antibodies.  
HeLa cells were either mock transfected in the absence of siRNA, transfected with a control 
siRNA, or transfected with siRNAs targeting Ring1B or the unrelated human protein Exo70. 
About 48 hours post-transfection, lysates were prepared and used for Western blotting with 
antibodies against Ring1B or ubiquityl-K119 in histone 2A (ubiquityl-H2AK119). In order to 
confirm similar loading of samples, membranes were then stripped and Western blotted with 
anti-tubulin antibodies. Results from three different experiments are shown in parts A, B, and 
C. In order to obtain relative expression values, Ring1B or ubiquityl-H2Ak119 signals were 
normalized to the signal from one of the no siRNA (none) conditions. (D) Statistical analysis 
of Ring1B expression from the Western blots shown in A, B, and C part i. (E) Statistical 
analysis of reactivity in the Western blots in A, B, C, part ii. Each bar plot represents the mean 
relative expression ± standard deviation of three replicates for each condition.  Statistical 
analysis was performed was performed using One-way ANOVA and the Tukey-Kramer post-
test. In part D, asterisks indicate statistically significant differences. The specific p-values were 
0.0076 (Ring1B #1 siRNA vs Exo70 siRNA), 0.006 (Ring1B #2 siRNA vs Exo70 siRNA), 
0.007 (Ring1B #1 siRNA vs control siRNA), and 0.0055 (Ring1B #2 siRNA vs control siRNA). 





3.2.1. Infection with Listeria (Lm) did not consistently affect Ring1B expression 
 
To assess the effect of Lm infection on Ring1B and ubiquityl-H2AK119, HeLa cells were 
infected with the Lm strains EGD, H7858, or EGD-e. As controls, cells were left uninfected or 
infected with Shigella flexneri 2457T. Shigella flexneri is evolutionarily unrelated to Lm but it 
is also a facultative intracellular pathogen. Ring1B expression is most likely to be affected by 
intracellular Lm due to localisation of Ring1B to the nucleus. Therefore, infection with an 
intracellular pathogen unrelated to Lm would be an appropriate control to compare the effects 
of internalised bacteria on Ring1B expression of HeLa cells. Three different experiments 
involving 1-hour infections (Fig. 7), 2-hour infections (Fig. 8), or 4-hour infections (Fig. 9) 
were performed. Anti-Ring1B Western blots are shown in Figures 7A, B, C part i, 8A, B, C 
part i, and Figure 9A, B, C, part i. Ring1B protein levels in these Western blots were quantified 
and subjected to statistical analysis. (Figs. 7D, 8D, and 9D). The results showed that there was 
no statistically significant effect of infection for 1, 2, or 4 hours with Lm or Shigella on Ring1B 
expression (ns, p>0.05).  
Western blots to determine relative expression ubiquityl-H2AK119 were also performed for 
two of the three infection experiments (Figs. 7B, C part ii, 8B, C part ii, and 9B, C part ii). 
Quantified data from these Western blots were graphed in part E of Figures 7, 8, and 9. 
Although we were unable to perform any statistical analysis with only two experiments, the 
results suggest that infection with Lm does not cause a consistent effect on ubiquitination of 
K119 in histone 2A.  
H7858 infected samples from all three experiments of the 1-hour infection (Fig. 7A, B, C part 
i) show a decrease in Ring1B expression relative to the uninfected control and/or Shigella 
infected control. Interestingly, experiments 1 and 2 have contrasting results when it comes to 
the EGD infected and EGD-e infected samples. Reduced Ring1B expression is detected in the 
EGD infected sample from the first experiment (Fig. 7A part i), but the second experiment (Fig. 
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7B part i) shows increased Ring1B expression in the EGD infected sample. The inverse was 
detected for the EGD-e infected samples, where the first experiment shows a decrease in 
Ring1B expression, and the second experiment shows a slight increase in Ring1B expression. 
In contrast to the first and second experiments, the third experiment showed a decrease in 
Ring1B expression in samples infected with the Lm strains EGD, H7858, or EGD-e. Statistical 
analysis of relative expression data from the three 1-hour infection experiments did not reveal 
any statistical difference in Ring1B expression between the different infection conditions.  
 
 
Figure 7. Effect of 1-hour Listeria infection on Ring1B levels and reactivity with 
ubiquityl-H2AK119 antibodies.  
HeLa cells were either left uninfected, infected with the indicated strains of Lm, or infected 
with Shigella for 1 hour. Lysates were then prepared and used for Western blotting with 
antibodies against Ring1B or ubiquitinated K119 in histone 2A (ubiquityl-H2AK119). In order 
to confirm similar loading of samples, membranes were then stripped and Western blotted with 
anti-tubulin antibodies. Results from three different experiments are shown for Ring1B in parts 
A, B, and C.  Data for two experiments are shown in B and C for ubiquityl-H2AK119. In order 
to obtain relative expression values, Ring1B or ubiquityl-H2AK119 signals were normalized 
to the signal from one of the uninfected samples. (D) Graph and statistical analysis of Ring1B 
expression from the Western blots shown in A, B, and C part i.  (E) Graph of ubiquityl-
H2AK119 reactivity in the Western blots in A, B, C, part ii. Each bar plot represents the mean 
relative expression ± standard deviation of three replicates (D) or two replicates (E).  Statistical 
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analysis in D were performed using ANOVA. Specific p-values were 0.9992 (Uninfected vs 
EGD), >0.9999 (Uninfected vs. H7858), 0.9980 (Uninfected vs EGDe), and 0.6133 (Uninfected 
vs Shigella). No statistically significant difference was found in part D. Statistical analysis 
could not be performed in part E with data from only two experiments.  
 
Ring1B expression is similar for the 2- and 4-hour infection experiments (Figs 8A, B, C part i, 
9A, B, C part i). As compared to the controls, the first experiment performed for both time 
points (Figs 8A, 9A part i) have reduced Ring1B expression in samples infected with the Lm 
strains EGD, H7858, or EGD-e. Anti-Ring1B Western blotting data of the second 2-hour 
infection experiment (Fig. 8B part i) shows reduced Ring1B expression for EGD and EGD-e 
infected samples, but H7858 infection did not seem to influence Ring1B expression. Anti-
Ring1B Western blotting data of the second 4-hour infection experiment (Fig.9B part i) 
demonstrates reduced Ring1B expression in EGD infected and H7858 infected samples, but not 
the EGD-e infected sample. Anti-Ring1B Western blotting data of the third 2- and 4-hour 
infection experiments (Fig. 8C and 9C part i) show an increase in Ring1B expression levels in 
samples infected with the Lm strains EGD, H7858, or EGD-e. Statistical analysis of relative 
expression data from the three 1- and 2-hour infection experiments revealed an absence of 
statistical difference in Ring1B expression between the different infection conditions.  
In regard to the two anti-ubiquityl-H2AK119 Western blots performed for the 1-, 2-, and 4-
hour infection experiments (Figs. 7B, C, 8B, C, 9B, C part ii) ubiquityl-H2AK119 expression 
levels seem to be irregular regardless of infection status. Statistical analysis was unable to be 





Figure 8. Effect of 2-hour Listeria infection on Ring1B and ubiquityl-H2AK119 
expression.  
HeLa cells were either left uninfected, infected with the indicated strains of Lm, or infected 
with Shigella for 2 hours. Lysates were then prepared and used for Western blotting with 
antibodies against Ring1B or ubiquitinated K119 in histone 2A (ubiquityl-H2AK119). In order 
to confirm similar loading of samples, membranes were then stripped and Western blotted with 
anti-tubulin antibodies. Results from three different experiments are shown for Ring1B in parts 
A, B, and C.  Data for two experiments are shown in B and C for ubiquityl-H2AK119. In order 
to obtain relative expression values, Ring1B or ubiquityl-H2AK119 signals were normalized 
to the signal from one of the uninfected samples. (D) Graph and statistical analysis of Ring1B 
expression from the Western blots shown in A, B, and C part i. (E) Graph of ubiquityl-
H2AK119 reactivity in the Western blots in A, B, C, part ii. Each bar plot represents the mean 
relative expression ± standard deviation of three replicates (D) or two replicates (E).  Statistical 
analysis in D was performed using ANOVA. Specific p-values were >0.9999 (Uninfected vs 
EGD infected), 0.8310 (Uninfected vs. H7858 infected), >0.9999 (Uninfected vs EGDe 
infected), and 0.9992 (Uninfected vs Shigella). No statistically significant difference was found 








Figure 9. Effect of 4-hour Listeria infection on Ring1B and ubiquityl-H2AK119 
expression.  
HeLa cells were either left uninfected, infected with the indicated strains of Lm, or infected 
with Shigella for 4 hours. Lysates were then prepared and used for Western blotting with 
antibodies against Ring1B or ubiquitinated K119 in histone 2A (ubiquityl-H2AK119). In order 
to confirm similar loading of samples, membranes were then stripped and Western blotted with 
anti-tubulin antibodies. Results from three different experiments are shown for Ring1B in parts 
A, B, and C.  Data for two experiments are shown in B and C for ubiquityl-H2AK119. In order 
to obtain relative expression values, Ring1B or ubiquityl-H2AK119 signals were normalized 
to the signal from one of the uninfected samples. (D) Graph and statistical analysis of Ring1B 
expression from the Western blots shown in A, B, and C part i.  (E) Graph of ubiquityl-
H2AK119 reactivity in the Western blots in A, B, C, part ii. Each bar plot represents the mean 
relative expression ± standard deviation of three replicates (D) or two replicates (E).  Statistical 
analysis in D was performed using ANOVA. Specific p-values were 0.9983 (Uninfected vs 
EGD infected), 0.9991 (Uninfected vs. H7858 infected), >0.9999 (Uninfected vs EGDe 
infected), and 0.9974 (Uninfected vs Shigella). No statistically significant difference was found 






3.2.2. 5-hour Listeria (Lm) infection appears to reduce Ring1B expression 
 
To assess the effect of a 5-hour Lm infection on Ring1B and ubiquityl-H2AK119 expression, 
HeLa cells were infected with the Lm strains EGD, H7858, or left uninfected. Ring1B and 
ubiquityl-H2AK119 expression were analysed via Western blotting and presented in Figure 10. 
A 5-hour infection with the Lm strains EGD and H7858 led to a reduction in Ring1B expression 
relative to the uninfected control. The irregular ubiquityl-H2AK119 expression observed for 
the 1-, 2-, and 4-hour infections (Fig 7C part ii, 8C part ii, and 9C part ii) is also demonstrated 
for the 5-hour infection. Statistical analysis of Ring1B and ubiquityl-H2AK119 Western 
blotting data could not be performed for this single 5-hour infection experiment 
 
Figure 10. Effect of 5-hour Listeria infection on Ring1B and ubiquityl-H2AK119 
expression.  
HeLa cells were either left uninfected or infected with the indicated strains of Lm for 4 hours. 
Lysates were then prepared and used for Western blotting with antibodies against Ring1B or 
monoubiquitinated K119 in histone 2A (ubiquityl-H2AK119). In order to confirm similar 
loading of samples, membranes were then stripped and Western blotted with anti-tubulin 





3.2 Infection with Lm does not consistently affect nuclear expression of Ring1B  
 
In order to determine if infection with Lm affects nuclear localization of Ring1B, HeLa cells 
were left uninfected or infected with EGD or H7858 strains of Lm for 2 hours (Fig. 11) or 5 
hours (Fig. 12). Three experiments for the 2-hour experiment were performed, whereas only 
one experiment was performed for the 5-hour time point. After infection, samples were PFA 
fixed and labelled with antibodies against Ring1B and Lm. Samples were also labelled for actin 
to detect HeLa cells, and with the DNA stain DAPI to detect nuclei. Images were obtained by 
laser scanning confocal microscopy and ImageJ software was used to determine mean pixel 
intensities of Ring1B in the nucleus. In addition, mean pixel intensities throughout the entire 
body (nucleus and cytoplasm) of HeLa cells were determined. The substrate of Ring1B, K119 
in histone 2A, is in the nucleus. Therefore, to act on its substrate, Ring1B is also localised to 
the nucleus. Even though Lm infection was found to not affect total levels of Ring1B as 
determined by Western blotting (Figs. 7 part i, 8 part i, 9 part i, and 10) it might affect nuclear 
levels of Ring1B. In the first 2-hour infection experiment, nuclear Ring1B levels were reduced 
in cells infected with Lm strains EGD or H7858 compared to uninfected cells (Fig. 11A). Total 
Ring1B levels throughout the entire body of HeLa cells were also reduced upon infection. 
Surprisingly, the same results were not seen for experiments 2 and 3 (Fig. 11B-C). As 
demonstrated by an increase in Ring1B mean pixel intensity with Lm infection, these results 
suggested that nuclear levels of Ring1B increase upon infection with Lm strains. Due to 
inconsistencies in immunofluorescence from these three experiments, one cannot make a 




Figure 11. Effect of 2-hour Listeria infection on Ring1B nuclear expression.  
HeLa cells were either left uninfected or infected with the indicated strains of Lm for 5 hours. 
Cells adhered onto coverslips were then subjected to immunofluorescence labelling using 
fluorophore conjugated antibodies for labelling of Ring1B, the nucleus, actin, and bacteria. 
Labelling was visualised and imaged using scanning confocal microscopy. From the confocal 
images, the mean pixel intensity of Ring1B detected in the nucleus and in the entirety of cells 
were measured. Confocal images and data from experiment 1 are shown in A. Data from 
experiments 2 and 3 are shown in B and C, respectively. Each individual value on the graph 
represents a single cell. Each plot represents the mean pixel intensity ± standard deviation of a 
single experiment. 
 
In addition to the experiments involving a 2-hour infection shown in Figure 11, a 5-hour 
infection experiment with Lm was performed (Fig. 12). In this experiment, levels of nuclear 
and total Ring1B were lower in cells infected with the Lm strain H7858 compared to in 
uninfected cells. In this experiment, two sets of samples infected with EGD were made.  
In the same experiment, the two EGD infected samples demonstrated a contrasting effect of 
EGD infection on nuclear and total Ring1B levels. One had decreased Ring1B levels while the 
other had increased Ring1B levels. Possible reasons for the inconsistent effects of Lm infection 
on Ring1B levels will discussed in the discussion section. 
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Results from this single 5-hour infection experiment suggests that the Lm strain H7858 may 
decrease nuclear Ring1B levels at 5 hours. However, repeat experiments must be performed 
prior to making any conclusions.  
 
Figure 12. Effect of 5-hour Listeria infection on Ring1B nuclear expression.  
HeLa cells were either left uninfected or infected with the indicated strains of Lm. Cells adhered 
onto coverslips were then subjected to immunofluorescence labelling using fluorophore 
conjugated antibodies for labelling of Ring1B, the nucleus, actin, and bacteria. Labelling was 
visualised and imaged using scanning confocal microscopy. From the confocal images, the 
mean pixel intensity of Ring1B detected in the nucleus and in the entirety of cells were 
measured. Confocal images from this single experiment 1 are shown in A and Ring1B nuclear 
expression data are shown in B. Each individual value on the graph represents a single cell. 





3.4.1 Use of the yeast two-hybrid (Y2H) system to identify potential human receptors of 
Internalin proteins 
 
The second objective of my research project was to identify potential human receptors of the 
Internalin proteins Inl369 and Inl2595 using the yeast two-hybrid (Y2H) system. Inl369 is 
anchored to the surface of Lm via an LPXTG motif12, has roles in virulence in mice, and 
contributes to Lm entry into the human hepatocyte cell line HepG234. A member of the Ireton 
lab, Dr Antonella Gianfelice, previously screened a human cDNA library against Inl369 to 
detect potential protein-protein interactions between Inl369 and human proteins. The Inl369 
construct used in screening had the GAL4 DNA binding domain fused to its N-terminus. This 
screening led to the detection of a potential interaction between Inl369 and two unidentified 
human proteins. According to the Matchmaker Gold Yeast Two-Hybrid System user manual 
which is available with the Y2H system purchased, it is recommended to recover the bait and 
prey plasmids from each of these strains and re-transform them back into a naïve yeast strain 
(a strain that did not previously have these plasmids). This step ensures that reporter gene 
expression indicating protein-protein interaction is completely dependent on the two plasmids 
and not due to mutations in the GAL promoter that may lead to false reporting of bait and prey 
protein interaction. Dr Antonella Gianfelice recovered the Inl369 bait plasmid and the two prey 
plasmids encoding for the two human proteins were then isolated and stored at -20°C.  
Following up from this work, we performed 2 sets of co-transformations with the recovered 
Inl369 bait plasmid and two prey plasmids. The transformations were plated onto selective 
media and led to the growth of blue colonies which are indicative of reporter gene expression. 
cDNA encoding for the two human proteins were sequenced and identified as centriolin and 
dynein axonemal assembly factor 11.  
The other Internalin of interest, Inl2595, lacks any known anchoring motifs and is thought to 
be secreted. Inl2595 is 96% homologous to the Internalin protein Lmo2445 whose expression 
is controlled by the transcription factor PrfA, which is known to regulate expression of 
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virulence genes36. Therefore, suggesting a potential role for Inl2595 in virulence. Prior to 
screening, the Internalin protein fused to the GAL4-DNA binding domain must be tested for 
auto activity. Auto activity refers to the ability of a bait or prey protein to activate expression 
of reporter genes by itself, leading to the false reporting of a protein-protein interaction. The 
Ireton lab constructed two Inl2595 baits which have the GAL4 DNA binding domain fused to 
the C-terminus (Inl2595-GAL4DBD) or the N-terminus (GAL4DBD-Inl2595) of the Inl2595 
protein. I checked both Inl2595 constructs for auto activity by transforming a single plasmid 
expressing either Inl2595-GAL4DBD or GAL4DBD-Inl2595 into yeast strains and plating the 
transformation mixtures onto selective media. This led to the growth of blue colonies on media 
selecting for 2 reporter genes, indicating that Inl2595 baits are auto active. Therefore, I was 
unable to proceed with screening potential host receptors for Inl2595 using either of the 
constructs.  
 
3.4.2 Identification of human centriolin and dynein axonemal assembly factor 11 
(DNAAF11) as the potential host receptors of Inl369 
 
A plasmid encoding for Inl369 fused to the GAL4 DNA binding domain was co-transformed 
with a plasmid encoding for either prey 1 or prey 2 fused to the GAL4 transcription activation 
into the yeast strain Y2H Gold. The transformation mixtures were plated on DDO/X medium 
containing the chromogenic substrate X-alpha galactose. Results in Figure 13 A-B show the 
growth of blue yeast colonies due to expression of the MEL1 reporter gene encoding for the 
enzyme α-galactosidase. These results are therefore indicative of protein-protein interaction 
between Inl369 and preys 1 and 2. To further confirm these interactions, the blue colonies were 
then colony purified by streaking onto QDO/X/A medium which selects for all four reporter 
genes, leading to growth of blue colonies. (Fig. 13C). For comparison, a positive control was 
performed by co-transformation of pGBKT7 expressing the human protein p53 fused to the 
GAL4 DNA binding domain and pGADT7 expressing the large T antigen of the SV40 virus 
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fused to the transcription activation domain of GAL4. I also performed a negative control 
involving co-transformation of pGBKT7 expressing human laminin fused to the DNA binding 
domain of GAL4 and pGADT7 expressing the large T antigen of SV40 virus fused to the 
transcription activation domain of GAL4 into the same yeast strain. Transformation products 
were plated onto QDO/X/A medium selective for all four reporter genes (Fig. 13D). The 
positive control led to growth of blue colonies while no growth was observed for the negative 
control.  
To ensure that the protein interactions reported are not due to bait or prey auto activity, single 
transformations involving plasmids encoding Inl369 bait, prey 1, or prey 2, were performed. 
The transformation products were plated onto QDO/X/A medium selective for all four reporter 
genes and colony growth was not observed (Fig. 13E).  
Growth of blue colonies on QDO/X/A medium for the positive control reports a positive result 
indicating protein-protein interaction while no growth for the negative control reports an 
absence of protein-protein interaction. Growth of the co-transformation products on media 
selecting for all four reporter genes are an indication of protein-protein interactions between 
Inl369 bait and preys 1 and 2. In contrast, the absence of colony growth from the plating of 
single transformants (Fig. 13E), is an indication that the bait and preys were all incapable of 
activating transcription without protein-protein interaction. From these results, we could 
conclude that the protein interactions detected between Inl369 bait and preys 1 and 2 are true 




Figure 13. Co-transformation of Inl369 bait and two prey to confirm protein-protein 
interaction.  
Human cDNA library screening against the Internalin protein Inl369 revealed a potential 
interaction between Inl369 and two unidentified human proteins. Plasmids encoding the bait 
and preys were isolated for re-transformation into a fresh yeast strain. Co-transformations of 
the Inl369 bait and one of the two preys were performed and plated onto selective medium. As 
controls, positive and negative controls were performed. Auto activity test involving single 
transformations of plasmids encoding the Inl369 bait or preys were also performed. (A) Co-
transformation product of Inl369 bait and prey 1 plated on DDO/X medium. (B) Co-
transformation product of Inl369 bait and prey 2 plated on DDO/X medium. (C) Colony 
purification of blue colonies from the co-transformations involving Inl369 bait and the two 
preys, plated onto QDO/X/A medium. (D) Positive and negative controls of the Y2H system 
plated onto QDO/X/A medium. (E) Autoactivation test for preys 1 and 2 and Inl369 bait.  
 
The plasmids encoding the two prey proteins that were confirmed to interact with Inl369 were 
isolated and sent for DNA sequencing. The sequences were used to perform a nucleotide blast 
on the National Center of Biotechnology (NCBI) website. Prey 1 was found to have 97% 
nucleotide identity to a cDNA encoding human centriolin (Fig. 14A), and prey 2 had 96% 
nucleotide identity to a cDNA encoding human dynein axonemal assembly factor 11 




Figure 14. Nucleotide sequences of human prey cDNAs found to interact with Inl369.  
The protein BLAST function on the National Centre for Biotechology Information (NCBI) 
website. (A) Prey 1 was identified as human centriolin, since it had 97% nucleotide identity to 
the DNA sequence of human centriolin cDNA. (B) Prey 2 was identified as human dynein 
axonemal assembly factor 11 (DNAAF11), as it had 96% nucleotide identity to cDNA encoding 
for human DNAAF11. The query sequence is the DNA sequence from prey cDNA that was 
experimentally determined by DNA sequencing and the subject sequence is a match from the 





3.4.3 Inl2595 constructs cannot be used for Y2H screening due to autoactivation 
 
To test Inl2595 for autoactivation and toxicity, pGBKT7 plasmids encoding for Inl2595-
GAL4DBD or GAL4DBD-Inl2595 were transformed into the yeast strain Y2H Gold. 
Transformation products were plated onto SD/-T/X/A medium selective for two reporter genes, 
respectively. Positive and negative controls were performed as described in section 3.4.2. I also 
performed a negative control involving co-transformation of pGBKT7 expressing human 
laminin fused to the DNA binding domain of GAL4 and pGADT7 expressing the large T 
antigen of SV40 virus fused to the transcription activation domain of GAL4 into the same yeast 
strain. The positive and negative control transformants were plated onto DDO/X/A medium 
selective for two reporter genes. These results are shown in Figure 15D.  
Growth of blue colonies from Y2H gold strains expressing GAL4DBD-Inl2595 or Inl2595-
Gal4DBD bait constructs (Fig. 15A-B) on SD/-T/X/A medium indicate that the reporter genes 
MEL1 and AUR1-C encoding α-galactosidase (which hydrolyses X-alpha galactose) and 
inositol ceramide synthase (which confers resistance to Auerobasidin A), respectively, are 
expressed. By contrast, the negative control (Fig. 15C) did not produce blue colonies, as 





Figure 15. Testing two Inl2595 bait constructs for auto activity.  
Prior to screening the Internalin protein Inl2595 against a human cDNA library to identify 
potential human receptors of Inl2595, two Inl2595 baits were tested for auto activity. The 
Inl2595 baits tested have the GAL4 DNA binding domain fused to the N-terminus (GAL4-
DBD) or C-terminus of the Inl2595 protein. Auto activity test was performed by performing 
single transformations of plasmids encoding each bait construct into a yeast strain and plating 
onto selective medium. A negative control for auto activation was performed by single 
transformation of an empty plasmid which does not carry any bait protein and plating onto 
selective medium. A positive control was also performed by co-transforming plasmids 
encoding for proteins known to known to interact and plating onto selective medium. (A) Y2H 
Gold strain expressing GAL4DBD-Inl2595 plated on SD/-T/X/A. (B) Y2H Gold strain 
expressing Inl2595- GAL4DBD plated on SD/-T/X/A. (C) Y2H Gold strain transformed with 
empty bait plasmid plated on SD/-T/X/A. (D) Y2H Gold strain expressing bait and prey proteins 
known to interact (positive control).  
 
Blue colonies resulting from single transformations of bait plasmids encoding GAL4DBD-
Inl2595 or Inl2595-GAL4DBD are an indication of reporter gene expression without any bait-
prey protein interaction. Therefore, both Inl2595 bait constructs tested were found to auto 
activate transcription of the reporter genes. Auto activity of the GAL4DBD-Inl2595 and 
Inl2595-GAL4DBD baits render them unsuitable for use in human cDNA library screening 





I investigated the relationship between Ring1B and ubiquityl-H2AK119 expression as well as 
the effect of Listeria infection on Ring1B expression. Since Ring1B expression data from the 
infection experiments did not exhibit consistency among the three experiments performed, I 
was unable to conclude if Listeria infection affects Ring1B expression. Variability in Ring1B 
expression may be attributed to varying infection efficiencies between the three experiments. 
Possible reasons for this variability will be further discussed in section 4.1. Irregular ubiquityl-
H2AK119 signals were also detected via Western blotting, and possible explanations for this 
will be discussed in section 4.2.  
Yeast two-hybrid (Y2H) methods were used to identify the potential human receptors for the 
Internalin proteins Inl369 and Inl2595. An Ireton lab member, Dr. Antonella Gianfelice, had 
previously performed a Y2H screen with Inl369. As a result, interactions between Inl369 and 
two unidentified human proteins were detected. However, these interactions in yeast need to be 
validated. To carry on from these findings, I performed co-transformations with the recovered 
bait and prey plasmids. The purpose of recovering and co-transforming bait and prey plasmids 
into fresh yeast strains is to ensure that reporter gene expression is from protein-protein 
interactions and not due to promoter mutations in reporter genes in the yeast colonies obtained 
from the screen. My co-transformation experiments confirmed that the interactions between 
Inl369 and the two prey were valid, at least within a yeast system. cDNA encoding the human 
proteins were sent for sequencing and were found to encode human centriolin and dynein 
axonemal assembly factor 11 (DNAAF11).  
I had intended to perform a Y2H screen for Inl2595 but was unable to do so, because my control 
experiments indicated the Inl2595 baits expressing the GAL4 DNA binding domain at the N-
terminus (GAL4DBD-Inl2595) or C-terminus (Inl2595-GAL4DBD) auto activated expression 
of the yeast reporter genes.  
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4.1 Variable Ring1B expression associated with Listeria infection  
 
Western blotting data from the infection experiments demonstrate Listeria infection does not 
reproducibly affect Ring1B expression. In the first experiment involving 1-hour infection (Fig. 
7A) there was a decrease in Ring1B expression in samples infected with the Listeria strains 
H7858, or EGD-e compared to the uninfected condition. Similarly, the second experiment 
showed a decrease in Ring1B expression in samples infected with the Listeria strains H7858 or 
EGD. The third experiment, however, did not show reduced Ring1B expression associated with 
Listeria infection. Such variability was observed for the 2- and 4-hour infection experiments as 
well. The three experiments performed for each infection time point were subjected to statistical 
analysis and the difference in Ring1B expression between all infection conditions were found 
to be not statistically significant.  
When nuclear and total Ring1B expression was assessed via immunofluorescence post-
infection (Fig. 11), we found that the infected samples in the first experiment had decreased 
Ring1B expression in both the nucleus and in the entire cell. On the other hand, data from 
experiments 2 and 3 show an increase in Ring1B expression in the infected samples. Due to 
such inconsistencies between replicates, we were unable to find any statistically significant 
difference in Ring1B expression between the infected and uninfected samples.  
One possible reason for inconsistent effects of Lm infection on expression of Ring1B in 
Western blotting or confocal microscopy experiments could be different efficiencies of 
infection in the different experiments. If Lm affects Ring1B, it is likely that bacteria do so by 
acting intracellularly, since Ring1B is localised to the nucleus for its activity on H2AK119. 
Based on the Ireton laboratory’s ~ 25 years in experience in infection experiments with Lm , 
the efficiency of internalization of Lm into the human cell line HeLa with Lm can vary as much 
as 10-fold between different experiments. It is important to recognize that in Western blotting 
analysis, an effect of infection on the total cellular levels of Ring1B would only be observed 
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only if the majority of cells in a population were infected. This is because Western blotting acts 
is a bulk assay that measures the average level of expression throughout all cells in a population. 
It is therefore possible that the inconsistent Western blotting results were due to large 
differences in infection in different experiments.  
In future experiments, one could modify the infection experiments to ensure that the majority 
of HeLa cells are infected before performing Western blotting or confocal microscopy 
analysis. Although Lm entry efficiency is typically low at early time points, Lm later spreads 
without leaving the intracellular environment. Eventually, after 8-12 hours of infection, Lm 
can infect 75-90% of HeLa cells in a population. Therefore, in future experiments, HeLa cells 
can be infected with Lm for 1 hour in absence of the antibiotic gentamicin to allow bacterial 
entry followed by incubation in medium containing gentamicin for an additional 7-11 hours to 
allow most HeLa cells in the population to become infected. Infection can be monitored by 
labelling bacteria with antibodies and labelling polymerized host actin, that Lm subverts for 
cell-to-cell spread, with phalloidin coupled to a fluorochrome. Confocal microscopy can be 
used to estimate the percentage of infected HeLa cells at various time points. Once time 
points that result in 75-90% infection are found in pilot experiments, these conditions can be 
used in Western blotting or microscopy experiments to determine the effect of Lm infection 
on Ring1B protein levels in the entire cell or in the nucleus.  
 
4.2 Ubiquityl H2AK119 expression does not correlate with Ring1B expression 
 
Western blotting results from the Ring1B depletion experiments and Listeria infection 
experiments show that ubiquityl-H2AK119 signals detected were highly variable regardless of 
Ring1B expression. A plausible explanation for the variability in ubiquityl-H2AK119 
expression data is inconsistent preservation of ubiquitination after solubilisation of HeLa cells. 
When anti-ubiquityl-H2AK119 Western blots were initially performed for the first 1-, 2-, and 
4-hour experiments, we did not add any deubiquitylase inhibitors to the RipA lysis buffer. This 
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led to smears instead of clean bands on the PVDF membrane. Deubiquitylases are protein 
ubiquitin hydrolases which hydrolyse ubiquitin chain linkages, thereby reversing protein 
ubiquitnation51. A review article written by experts from the Medical Research Council Protein 
Phosphorylation and ubiquitylation unit of University of Dundee, Scotland, United Kingdom, 
recommend the addition of the deubiquitylase inhibitors Iodoacetamide (IAA) or N-
ethylmaleimide (NEM) into lysis buffer51. IAA and NEM both act by alkylating cysteine 
residues at the active site of deubiquitylases51. We chose to add N-ethylmaleimide (NEM), a 
compound that inhibits deubiquitylating enzymes, into the RipA lysis buffer.  
NEM’s alkylating activity can be inactivated by light exposure51, and this could be the reason 
for the ineffectiveness of NEM in our hands to preserve ubiquitination. Many publications use 
concentrations between 5-10mM of NEM and IAA, but Emmerich CH and Cohen P (2015) 
suggest that higher concentrations of 50-100mM are needed to preserve the ubiquitylation 
status of some proteins51. Addition of 20mM NEM helped with detection of cleaner bands in 
our Western blots but this may have not been sufficient to effectively inhibit deubiquitylases.  
To circumvent this issue of ubiquitination preservation, our next step would be to perform a 
pilot experiment where HeLa cells which have been cultured in 6-well plates, are lysed with 
lysis buffer containing different doses of NEM or IAA. The effects of NEM or IAA addition 
on ubiquitination preservation would be assessed via Western blotting. This would allow us to 
determine which deubiquitylase inhibitor and at what concentration, optimally preserves 
ubiquitination. Once we reproducibly detect a stable ubiquityl-H2AK119 expression, we can 
proceed with Ring1B depletion experiments to determine if ubiquityl-H2AK119 expression is 





4.3 Centriolin and dyenein axonemal assembly factor (DNAAF11) were identified as 
potential human receptors of Inl369 
 
cDNA encoding the two human proteins confirmed to interact with Inl369 in yeast were 
sequenced, and the sequences were used to perform a nucleotide blast on the NCBI website. 
This led to the identification of centriolin and dynein axonemal assembly factor 11 (DNAAF11) 
(Fig.14) as the potential human receptors of the Internalin protein Inl369. Centriolin, also 
known as CEP110, is one of the proteins which forms the core of centrosomes52. Centrosomes 
organise the interphase microtubule cytoskeleton of most animal cells and form the poles of the 
mitotic spindle during the cell cycle53,54. Centrioles can also be modified to form basal bodies 
which to act as a template on which the axonemal structure of cilia can be built53. DNAAF11, 
also known as LRRC6, is a protein involved in dynein arm assembly, but its exact mechanism 
of action is still unclear55. Dynein arms are multi-protein complexes required for cilia 
movement, these arms complex to the peripheral microtubule doublets which form the core of 
cilia55.  
Of the ciliated cells in the human body, two cell types are of interest in relation to cilia function 
and potential sites of Lm infection. Ependymal cells are ciliated, cerebrospinal fluid (CSF)-
producing epithelial cells located at the interface of CSF-containing ventricles and brain 
parenchyma56. Cholangiocytes are ciliated epithelial cells lining the intrahepatic bile ducts 
which detect changes in bile flow, composition and osmolality57. Since Lm is known to cross 
the blood-brain barrier to enter the CSF fluid or infect the parenchymal cells58 and can infect 
the liver59, the presence of ciliated cells in these locations suggest that the Lm protein Inl369 
may modulate cilia function in these cells.  Since intestinal epithelial cells lack cilia60, Inl369 
may not interact with its potential receptors centriolin and DNAAF11 to contribute to infection 
of the intestinal epithelium.  
The roles of these two potential human receptors of Inl369 in cilia formation and function may 
suggest a role for Inl369 in targeting ciliated cells although it is unknown how this may benefit 
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Listeria and impact on infection. This link between these two potential receptors of Inl369 
could aid us in determining how Inl369 contributes to Listeria’s virulence.  
 
4.4 Conclusions and future directions 
 
Ring1B was identified as the potential human receptor of the Lm Internalin protein Inl671 
through a Yeast two-hybrid (Y2H) screen performed previously by other Ireton lab members. 
siRNA mediated Ring1B depletion and Listeria infection experiments were performed to 
determine if Inl671 contributes to Listeria infection by affecting Ring1B expression and 
activity. Ring1B is a ubiquitin E3 ligase which performs monoubiquitination of K119 in histone 
2A (ubiquityl-H2AK119). Due to inconsistent Ring1B expression data from the Listeria 
infection experiments and issues with ubiquityl-H2AK119 signal detection, we were unable to 
demonstrate that ubiquitination of H2AK119 is Ring1B-dependent and could not draw 
conclusions on the effect of Listeria infection on Ring1B expression. However, there are some 
measures we can take to counteract the issues faced with inconsistent Ring1B expression and 
irregular ubiquityl-H2AK119 detection as discussed in sections 4.1 and 4.2.  
To identify potential human receptors of the less well-characterised Lm Internalin proteins 
Inl369 and Inl2595, Y2H experiments were performed. We were able to successful identify the 
human proteins centriolin and dynein axonemal assembly factor 11 (DNAAF11) as the 
potential receptors of Internalin protein Inl369.  
A critical step forward is to validate interactions between the Lm Internalin proteins Inl671 and 
Inl369 and their potential human receptors in mammalian cells. The protein-protein interactions 
detected through Y2H methods may be valid in yeast, but these interactions might not occur in 
mammalian cells because of differences in spatiotemporal expression. One way of validating 
protein-protein interactions identified through Y2H methods is by using biochemical methods. 
These methods first require expression and purification of proteins. We have devised a plan to 
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express Inl369 or Inl671 in E. coli and purify these proteins using affinity tags. This involves 
standard molecular biology approaches such as PCR, restriction-digestion, and cloning to 
construct plasmids expressing Inl671 or Inl369 with 6x His and avi tags. The Internalin protein 
can be constructed to initially contain an N-terminal 6xHis and C-terminal avi tag. This 6x His-
Internalin-avi protein would be co-expressed with BirA biotin ligase in E. coli resulting in 
biotinylation of the avi tag. The proteins would be purified using Hisbind resin, and the 6x His 
tag would be removed by proteolysis, resulting in an Internalin protein with a C-terminal 
biotinylated avi tag. Inl671 or Inl369 with a C-terminal biotinylated avi tag would then be used 
to determine if these Internalin proteins associate with their putative host receptors present in 
lysates of human cell lines. Biotinylated Inl671 will be precipitated using streptavidin-agarose 
beads, and host receptors in precipitates can be detected by Western blotting. Detection of the 
respective host receptors of Inl369 and Inl671 would therefore confirm that the protein-protein 
interaction detected in yeast is also valid in mammalian cells. In the case of Inl671, we can 
obtain purified Ring1B from the laboratory of Associate Professor peter mace (Department of 
Biochemistry, University of Otago). We could then use isothermal titration calorimetry (ITC) 
to determine if purified Inl671 interacts directly with purified Ring1B.  
The two Inl2595 baits tested, GAL4DBD-Inl2595 and Inl2595-GAL4DBD, were capable of 
auto activating. Therefore, none of the Inl2595 baits were suitable for use in Y2H screening. 
Moving forward, it may be a wise decision to employ biochemical approaches to identify 
potential human receptors. Molecular biology could be used to construct a plasmid allowing 
expression of Inl2595 fused to a glutathione S-transferase tag in E. coli. After purification on 
glutathione beads, GST-Inl2595 could be incubated with lysates of human cell lines such as 
HeLa and precipitated. Co-precipitating human proteins could be identified by MALDI-TOF 
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